Introduction: Transglutaminase-mediated polymerization, unlike the traditional restoration methods based on the application of synthetic polymers, has proved to be a potential strategy in the restoration of historic silk. In the present study, the treatment process has been adapted to satisfy the needs of consolidating historic silk fabrics in various cases. Artificially aged (dry thermal ageing) silk samples were restored using this method. The effects of the reaction on silk fibers were investigated by tensile tests, colour difference tests, scanning electron microscopy and FT-IR. The ageing resistance of the restored samples was evaluated.
Introduction
Silk is one of the most significant inventions in the history of human civilisation. Due to the long history of silk culture in China, a large number of valuable and fabulous silk fabrics have been discovered in various ancient tombs [1] . Most of the silk fabrics were made of degummed Bombyx mori silk, which is mainly composed of fibroin. A long time after burial, the condition of most historic silk fabrics is poor; some even turn into powder when touched. Thus, there is an urgent need to develop appropriate conservation techniques to restore the mechanical strength and ensure the long-term preservation of these fabrics.
A wide variety of methods, including weave, mount, silk screen, polymer, and graft copolymerisation [2] [3] [4] [5] [6] [7] are commonly and efficiently adopted to consolidate historic textiles. Among these, synthetic polymers have been widely used as consolidating agents [8] [9] [10] [11] [12] [13] [14] [15] and adhesives [16] [17] [18] [19] because of their good mechanical and bonding properties. However, there are some potential problems in the application of synthetic polymers in the conservation and restoration of historic silk. Synthetic polymers are high molecular weight compounds polymerized by low molecular weight monomers, whose molecular structures are quite different from silk protein. Therefore, they are chemically incompatible with silk textiles, and as such, attempts have been made to replace synthetic polymers with protein solutions and cross-linking agents [20] [21] [22] . Cross-linking agents often contain multiple functional groups or unsaturated double bonds. Improper cross-linking agents bring potential harm to historic silk as time elapses, considering their corrosion and toxicity. Thus, a more promising method is based on transglutaminase-mediated protein polymerisation as a compatible and innocuous method to reinforce historic silk fabrics.
Transglutaminases (EC 2.3.1.13) are a large family of enzymes [23] [24] [25] that catalyse a post-translational modification of proteins by forming covalent cross-links between glutamyl and lysyl residues (Figures 1, 2) . This leads to increased protein stability and resistance to chemical and proteolytic degradation [26] . It has been reported that transglutaminase can mediate sodium caseinate polymerisation to form biopolymers larger than 198 kDa [27] . These biopolymers have been found to significantly improve the tensile strength of sodium caseinate films [28] . As there is no glutamine residue in silk protein, transgluatminase alone has no effect on silk. The addition of sodium caseinate would allow the formation of biopolymers, which could fill in the cracks of silk fibers without harmful agents.
The experimental conditions of transglutaminasemediated restoration of thermal aged silk have been determined by orthogonal experiment [29] . The present study has demonstrated the effectiveness of this reaction to restore historic silk. Due to their rarity and irregular shape, genuine historic silk fabrics were not appropriate for a large number of repeated tests. Instead, artificially aged silk samples were used as substitutes for the restoration experiments. Previous work has demonstrated that dry thermal ageing of modern silk samples under certain conditions can produce both proper residual tensile strength and chemical characteristics similar to that of genuine historic silk [29] . Therefore, the artificially aged samples used here were prepared using the same method. To simulate the conditions of archeological sites, an infrared lamp was used to control the reaction temperature instead of an incubator. The effects of restoration were characterised by means of tensile test, colour difference test, scanning electron microscopy (SEM) and Fourier transform infrared spectroscopy (FT-IR). The ageing resistance of the restored samples was evaluated by standard methods. The method was then applied to genuine historic silk fabrics and achieved the desired results.
Results and discussion

Restoration effects
After restoration, the mechanical properties of the artificially aged samples improved remarkably. As listed in Table 1 , the average tensile strength of the artificially aged samples was enhanced from 0.38 N to 2.17 N after restoration. The average elongation rate at breakage also increased from 1.53 per cent to 4.02 per cent. This result demonstrated that transglutaminase-mediated polymerisation controlled by infrared lamp proceeded effectively on silk samples. This method is valid for the consolidation of the aged silk samples. In addition, the colour difference caused by restoration was less than 1.00, which is within the normally acceptable range in the domain of the conservation of historic textiles.
In order to investigate the micro morphology of the artificially aged samples before and after restoration, scanning electron microscope images of the longitudinal section of Figure 3 Micro morphology of artificially aged silk sample before restoration. the samples were observed. As shown in Figures 3, 4 , the fibers of artificially aged sample fractured severely; after restoration, the cracks of the fibers were filled with the transglutaminase-induced biopolymers. ATR FT-IR spectroscopy was applied to confirm the existence of transglutaminase-induced biopolymers in the restored silk samples and analyse their effect on silk protein at the molecular level. The results in Figure 5 show that the main peaks in the fingerprint region (1649.59 cm −1 and 1509.75 cm ) [30] appeared in the spectra of samples after restoration, which proved that the film that enwrapped the silk fibres was composed of transglutaminase-mediated biopolymers.
Ageing resistance
Ensuring that the treatment would not introduce any long term problems is vital to a novel conservation method. Tensile strength, elongation rate at breakage and colour difference of the artificially aged and restored samples before and after dry thermal and hygrothermal ageing are compared in Tables 2 and 3 , respectively. It can be seen that both the mechanical properties and the colour difference of the restored samples changed much less than the artificially aged samples, whether under dry thermal ageing or hygrothermal ageing. This is attributed to the formation of biopolymers of an extremely high molecular weight on the silk fibers in the restoration process. These biopolymers filled in the fractures of the silk fiber and improved the ageing resistance of the silk samples.
Applications on historic silk samples
Due to a long burial time, historic silk samples excavated from Bailuzhou Cemetery (475 B.C.-221 B.C.) and ZhangAnshi's Cemetery (202 B.C.-9 B.C.) are in poor physical and chemical condition, some even disintegrated when touched. For the purpose of evaluating the restoration effects on genuine historic silk fabrics, transglutaminase-mediated restoration was applied on small samples that wouldn't affect the integrity of historic silk fabrics. It is shown that before restoration, the samples turn easily into powder when flipped gently (Figures 6, 7) . After restoration, the enhanced mechanical properties ensure that the samples wouldn't disintegrate when flipped (Figures 8, 9 ). This shows that transglutaminase-mediated restoration could restore the mechanical properties of historic silk and ensure long-term preservation.
Experimental Materials
Plain weaved modern natural silk textiles were purchased from Hefei Guanghua Silk Co. Ltd. Historic silk samples were excavated from Grave M585, Bailuzhou Cemetery 
Dry thermal ageing
Dry thermal ageing was performed according to the method described in reference 29. The purchased natural silk samples were placed on an enamel tray in a forced convection oven, and exposed to a temperature of 230°C for 24 hours. Then the silk strips were transferred to a dryer at room temperature. The mechanical properties of the artificially aged samples, genuine historic sample (3000 BP) and non-aged samples are shown in Table 4 [29] .
Restoration process
The artificially aged samples were restored in the following way: A certain amount of sodium caseinate and transglutaminase were dissolved in 0.1 M Tris-HCl buffer, pH 7.0, resulting in sodium caseinate concentration being 2 per cent and transglutaminase to sodium caseinate ratio being 30 U · g -1 . The obtained mixture was sprayed onto the silk samples; the sample area to mixture volume ratio was 1 000 mm 2 : 1 mL. The treated silk samples were then placed under the infrared lamp to keep the samples at 50°C for 3 hours.
Tensile properties and colour difference measurements
The protocol for tensile testing was adapted from BS EN ISO 13934-1:1999 for textile strips. Tensile strength and elongation tests were performed in a PNSHAR PN-TT300 mechanical testing machine, using a 30 N load cell. Test samples were cut into 100 mm × 15 mm, with the warp along the length. The crosshead rate used in the test was 5 mm · min -1 . Five replicates were analysed for each sample, and the average values were calculated. According to GB/T 8424.2-2001, the colour differences were measured by a PNSHAR PN-48B brightness meter using the diffuse reflectance method. Three replicates were analysed for each sample, and the average values were calculated.
Surface morphology observation
Scanning electron microscope (SEM) images of samples before and after restoration were observed with a FEI Sirion 200 scanning electron microscope at 5.0 keV accelerating voltage. Samples were mounted on an aluminum stub and sputtered with aurum before being observed.
FT-IR analysis
ATR FT-IR spectra of samples before and after consolidation were recorded using a Fourier transform infrared spectroscopy (Nicolet 8700, Thermo Scientific Instrument Co. U.S.A) equipped with an ATR attachment. Spectra over the range 4000-400 cm −1 were collected with a resolution of 4 cm −1 .
Ageing resistance evaluation
According to GB/T 24135-2009, dry thermal ageing (70) and hygrothermal ageing (70, RH = 90%) of samples Figure 6 Appearance of historic silk sample excavated from Bailuzhou Cemetery before restoration. before and after restoration were carried out by placing samples on an enamel tray in a artificial climate chamber for 7 and 14 d, respectively. Then, the samples were cooled at room temperature for at least 18 h before testing. The tensile properties (tensile strength and elongation at break) and colour difference of aged samples were determined in the same manner as previously mentioned. Relative tensile properties were employed to represent the thermal ageing resistance of samples. They were calculated using the following equation:
where T aged and T unaged are tensile properties of aged and unaged samples, respectively.
Applications on historic silk samples
Fragile historic silk samples excavated from Bailuzhou Cemetery (475 B.C.-221 B.C.) and ZhangAnshi's Cemetery (202 B.C.-9 B.C.) were restored by the same process as artificially aged samples. The effects of restoration were evaluated by apparent phenomena.
Conclusions
As a compatible and innocuous consolidation method, transglutaminase-mediated restoration was adapted to meet the requirements of reinforcing fragile historic silk fabrics at archaeological sites. The mechanical properties of the fabrics were improved substantially without an obvious change in the appearance of the samples. The fractures in the fibers were filled by the biopolymers which were modified by transglutaminasemediated polymerisation. The good ageing resistance of the restored samples proved that this method will stabilize historic silk over a long period of time. Therefore, transglutaminase-mediated polymerisation is an effective strategy for the restoration of historic silk. 
